The nephrotoxicity of diphenylamine, the parent compound of the mefenamate family of nonsteroidal anti-inflammatory drugs, was evaluated in male Syrian hamsters, male Sprague-Dawley rats, and male Mongolian gerbils. Total renal papillary necrosis was observed in four of ten, seven of ten, and six of ten male Syrian hamsters orally treated with diphenylamine at respective doses of 400 mg/kg body weight/day, 600 mg/ kg body weight/day, and 800 mg/kg body weight/day. Total renal papillary necrosis was also observed in five of ten and four of ten male Syrian hamsters intraperitoneally treated with diphenylamine at respective doses of 600 mg/kg body weight/day and 800 mg/kg body weight/day. Focal intermediate renal papillary necrosis was induced in two hamsters orally given diphenylamine at 600 mg/kg body weight/day and in two of ten hamsters intraperitoneally given diphenylamine at 800 mg/kg body weight/day. Apex-limited necrosis of the medullary interstitial cells and vasa recta and degeneration of the renal interstitial matrix occurred in two Sprague-Dawley rats orally administered diphenylamine at 800 mg/kg body weight/day. Degeneration and necrosis of the pars recta was induced in seven of ten hamsters intraperitoneally given diphenylamine at 400 mg/kg body weight/ day. Gross and microscopic renal lesions were not observed in any Mongolian gerbils. It was concluded that the Syrian hamster is more susceptible to the papillotoxic effects of diphenylamine than the Sprague-Dawley rat and the Mongolian gerbil. Renal papillary necrosis in the Syrian hamster treated orally with diphenylamine is reproducible, is of short onset, and is induced in a high proportion of the hamsters (70-90%). When administered diphenylamine, the male Syrian hamster may prove useful as an alternative experimental rodent model of non-steroidal, anti-inflammatory, drug-induced renal papillary necrosis.
Renal papillary necrosis, the initial lesion of human analgesic nephropathy, has been experimentally induced in several rat strains (Wistar, Sprague-Dawley, Holtzmann, Gunn) using chemicals (2-bromoethylamine, ethyleneimine, propyleneimine, and N-phenylanthranilic acid) , analgesics (phenacetin and aspirin), and non-steroidal anti-inflammatory drugs (NSAIDs), mefenamic acid, phenylbutazone, and indomethacin. 2,3,8,11-14.16-'8 With the exception of a recent report of renal papillary necrosis induced in Syrian hamsters with 2-bromoethylamine, mefenamic acid, and indomethacin,' other laboratory rodent species have not been evaluated as models of renal papillary necrosis.
Bach and Bridges4 outlined both the discrepancies and difficulties associated with current experimental laboratory animal models of renal papillary necrosis. These included incomplete reporting of methods, dosages, strain of animal, conditions, etc.; poor reproducibility of lesions; long, unpredictable induction period and low frequency of renal papillary necrosis with analgesics and NSAIDs; and the occurrence of treatmentrelated mortality and non-renal lesions in long-term experiments.
Diphenylamine is the base molecule of the fenamate family of NSAIDs ( Fig. 1 ) and has been reported to cause renal papillary necrosis in Wistar ratsL9. and renal cystic disease in Sprague-Dawley ~a t s .~. '~ The carboxylic acid analogue of diphenylamine, N-phenylanthranilic acid, also causes renal papillary necrosis in Wistar and Sprague-Dawley r a t~.~~J~J~ The two objectives of the present study were to determine if diphenylamine caused renal papillary necrosis in Syrian hamsters, Sprague-Dawley rats, or Mongolian gerbils and to compare these species as models of chemically-induced renal papillary necrosis.
Materials and Methods
Male Syrian hamsters (80-120 g) and male Sprague-Dawley rats (1 50-1 75 g, both from Harlan Sprague-Dawley, Indianapolis, IN), as well as male Mongolian gerbils (45-55 g, Tumblebrook Farms, West Brookfield, MA), were housed by species in separate rooms, five animals per box, with wood shavings for bedding. Feed and water were provided ad libitum. A room temperature of 22 f 0.76 C and a 12-hour light/l2-hour dark cycle were maintained throughout the experiment. All animals were ear notched for identification upon arrival and acclimatized for 5 days prior to initiating experiments. Animals were weighed immediately prior to dosing.
Diphenylamine (Sigma Chemical Company, St. Louis, MO) was dissolved in peanut oil. The concentration of diphenylamine in peanut oil was varied for each respective treat-ment group to insure a constant dose-volume equivalent to 0.5 ml per 100 g body weight for each animal, irrespective of treatment groups.
In Experiment 1,40 hamsters were assigned to three treatment groups and one control group with ten animals per group. Each animal of a respective treatment group received diphenylamine at 400 mg/kg body weight/day, 600 mg/kg body weight/day, or 800 mg/kg body weightlday by single daily gavage for 3 consecutive days. The control group received only peanut oil. Forty rats and 40 gerbils were similarly divided into treatment and control groups and treated with diphenylamine in the same manner. Animals that became moribund during the study were euthanatized and necropsied. Surviving animals were euthanatized 24 hours following the third dose of diphenylamine and necropsied immediately.
In Experiment 2, 35 male Syrian hamsters were assigned to three treatment groups, ten animals per group, and one control group of five animals. Each animal within a respective treatment group received diphenylamine at 400 mg/kg body weight/day, 600 mg/kg body weight/day, or 800 mg/kg body Renal papilla; Syrian hamster (600 mg/kg body weight diphenylamine orally). Total renal papillary necrosis with loss of collecting tubules, vasa recta, thin limbs of Henle, interstitial cells, and papillary urothelium. HE.
Renal papilla; Syrian hamster (600 mg/kg body weight diphenylamine orally). Note the transition zone between unaffected inner medulla (top) and necrotic papilla (bottom). The collecting tubules are still intact, with desquamated cells in the lumens, but the surrounding vasa recta and interstitial cells are necrotic. HE. * Apex-limited lesions have the same morphologic characteristics, weight/day by single, daily, intraperitoneal injection for 3 consecutive days. Control animals received only peanut oil. All animals were euthanatized 24 hours following the third dose of diphenylamine and necropsied immediately. All animals were euthanatized by carbon dioxide asphyxiation. The kidneys were immediately removed, sectioned longitudinally (mid-sagittal plane), and fixed in 10% neutral buffered formalin for 24 hours. The fixed tissues were then processed through graded alcohols, embedded in paraffin, sectioned at a thickness of 6 pm, and stained with hematoxylin and eosin for microscopic evaluation.
The microscopic classification of total, intermediate, and early renal papillary necrosis6 and apex-limited renal papillary necrosis4 is used in this paper. The histopathologic features of these classifications are listed in Table 1 .
Results

Mortality
The mortality for Syrian hamsters in each experiment is summarized in Table 2 . In Experiment 1, six of ten hamsters orally given diphenylamine at 600 mgl kg body weight/day and five of ten orally given 800 mglkg body weight/day became listless and moribund within 20 hours of the first dose of diphenylamine. The remaining four hamsters orally given diphenylamine at 600 mg/kg body weight/day died within 12 hours following the second dose of diphenylamine, as did two hamsters orally given diphenylamine at 800 mgl kg body weight/day. There was no mortality in the Sprague-Dawley rats or the Mongolian gerbils in Experiment 1.
Gross lesions
The distribution of gross lesions observed in hamsters of Experiments 1 and 2 is summarized in Table  3 . Gross renal lesions in the Syrian hamsters were observed in the 600 mglkg body weight/day and 800 mg/ kg body weight/day treatment groups of both experiments. The kidneys were swollen and had a diffise, but only involve the apex of the papilla.
dull, brown discoloration that was visible from the capsular surface and extended through the cortex and outer medulla. Diffuse renal cortical pallor with congestion of the outer medulla was observed in one hamster from each of the 600 mglkg body weight/day and 800 mg/kg body weight/day groups of Experiment 2. Yellow-brown discoloration was the only gross renal papillary lesion in hamsters of both experiments given 600 mg/kg body weight/day or 800 mg/kg body weight/ day.
Other gross lesions in the Syrian hamsters were limited to the stomach and spleen. One hamster orally given diphenylamine at 600 mg/kg body weight/day and three hamsters intraperitoneally given diphenylamine at 800 mglkg body weight/day had one or more gastric ulcers, visible from the gastric serosal surface as punctate, 2-4-mm diameter, black foci. Splenomegaly was the only gross lesion in the hamsters orally given diphenylamine at 400 mglkg body weightlday. Splenomegaly was also observed in all Experiment 2 hamsters given diphenylamine at 800 mglkg body weight/day that survived to the end of the experiment.
One Sprague-Dawley rat orally given diphenylamine at 600 mglkg body weight/day had bilateral renal cortical pallor at necropsy. Another rat in the same treatment group had a single gastric perforation in the glandular fundus, caused by the gavage needle. There were no gross lesions in the Mongolian gerbils. 0/10 1/10 3/10 2/10 5/10 2/10 0/10 0110 0/10 0/10 0/10 0/10 0/10 0/10 0/10 0/10 0/10 0/10 0/10 0/10
Microscopic lesions
The incidence of renal papillary necrosis in the Syrian hamsters of Experiments 1 and 2 is summarized in Table 4 . The highest incidence of renal papillary necrosis occurred in the Syrian hamsters given oral diphenylamine. Only two Sprague-Dawley rats treated orally with diphenylamine at 800 mg/kg body weight/ day developed renal papillary lesions. No renal lesions, papillary or cortical, were observed in Mongolian gerbils given oral diphenylamine.
Total papillary necrosis was induced in four of ten, seven of ten, and six of ten Syrian hamsters orally given diphenylamine at 400 mg/kg body weight/day, 600 mg/kg body weight/day, and 800 mg/kg body weight/ day, respectively. Total renal papillary necrosis was also induced in five of ten and four of ten hamsters intraperitoneally given diphenylamine at 600 mg/kg body weight/day and 800 mg/kg body weightlday, respectively.
In hamsters with total renal papillary necrosis, all elements of the renal papilla, including the interstitial cells, vasa recta, thin limbs of Henle, and the collecting tubules, were necrotic (Fig. 2) . These structures were replaced by an eosinophilic coagulum of necrotic tissue in which could be discerned the ghosts of collecting tubules, vasa recta, and thin limbs of Henle. The necrotic papilla retained normal shape, but the overlying urothelium was desquamated. The transition between necrotic papilla and the overlying inner medulla was abrupt and characterized by a narrow zone of intermediate papillary necrosis (Fig. 3) . The retained collecting tubules cells had mild condensation of nuclear chromatin and the tubules contained clumps of desquamated epithelial cells. The inner and outer medulla were congested. In all kidneys affected by total papillary necrosis, the cortical tubules were dilated and ~i~. 4. Renal cortex; syrian hamster (600 mg/kg body weight diphenylamine orally). There is diffuse cortical tubular dilatation. Many tubules contain proteinaceous intratubular casts (arrows). HE. lined by attenuated epithelium. Many tubules contained a homogenous, eosinophilic material ( Fig. 4) . Two Syrian hamsters orally administered diphenylamine at 600 mg/kg body weight/day and two intraperitoneally given diphenylamine at 800 mg/kg body weight/day developed focal intermediate papillary necrosis involving the distal, lateral, and apical subepithelial regions of the papilla (Fig. 5) . In these lesions, the collecting tubules, although still intact, had moderate epithelial cell desquamation and separation from the basement membrane. The intervening interstitium was replaced by an eosinophilic necrotic coagulum, devoid of interstitial cells, thin limbs of Henle, and vasa recta. The urothelium of the renal papilla was hyperplastic in the kidneys with intermediate papillary necrosis (Fig. 6 ).
Necrosis and degeneration of the pars recta (straight segment of the proximal tubule in the outer stripe of the outer medulla: S3 segment) was observed in seven of ten, three of ten, and four of ten Syrian hamsters intraperitoneally given diphenylamine at 400 mg/kg body weight/day, 600 mg/kg body weight/day, and 800 mglkg body weight/day, respectively. The cells were dissociated from the basement membrane and had condensed, eosinophilic cytoplasm and dense, pyknotic nuclei (Fig. 7) . Necrosis of the pars recta was not observed in any Syrian hamsters orally administered diphenylamine.
The renal papillary lesion in Sprague-Dawley rats consisted of focal, apical, subepithelial rarefaction of the interstitial matrix, pyknosis of interstitial cells and endothelial cells, and occasional eosinophilic ghosts of cells.
Discussion
The morbidity and mortality in Syrian hamsters given both oral and intrapertioneal diphenylamine was high and was directly attributable to the induction of renal papillary necrosis. Thus, eighteen of nineteen hamsters in Experiment 1, which died or were euthanatized prior to the end of the study, had renal papillary necrosis. Only one hamster of Experiment 1 had extrarenal lesions (a gastric ulcer), and that hamster also had renal papillary necrosis. Similarly, the nine hamsters of Experiment 2, which died or were euthanatized because they were moribund, had renal papillary necrosis, but only two had gastric ulcers. In contrast, the morbidity and mortality in Sprague-Dawley rats and Mongolian gerbils was negligible and was not associated with the induction of renal papillary necrosis.
The histologic features of diphenylamine-induced total and intermediate renal papillary necrosis in Syrian hamsters were similar to the lesions described in laboratory rats given 2-bromoethylamine7 ethyleneimine, indomethacin or N-phenyl-anthranilic ~c~~.~J~J~J~ Syrian hamsters given mefenamic acid, indomethacin, and 2-bromoethylamine also developed similar renal papillary and cortical lesion^.^ Necrosis and degeneration of the pars recta, observed in the Syrian hamsters given intraperitoneal diphenylamine in this study were not described in other studies of Syrian hamsters given other non-steroidal anti-inflammatory drugs (NSAIDS).~ To the authors' knowledge, this lesion has not been reported with any chemicals, analgesics, or NSAIDs, other than diphenylamine, previously used to induce renal papillary necrosis. Powell et al.I9 reported S3 (pars recta) necrosis in male Wistar rats administered diphenylamine orally. Necrosis of the pars recta was not observed in the Sprague-Dawley rats of the present study. This may reflect a strain variation in target cell susceptibility or xenobiotic metabolism. Renal papillary necrosis and necrosis of the pars recta in the Syrian hamsters were not concurrent lesions. Because necrosis of the pars recta was the only lesion in hamsters given diphenylamine at 400 mg/kg body weight/day and because renal papillary necrosis was not accompanied by necrosis of the pars recta in hamsters administered diphenylamine at 600 mg/kg body weightlday or 800 mg/kg body weight/day, the type of lesion that developed appeared to be dosedependent; however, pars recta degeneration and necrosis did occur in the two high-dose groups but only in those hamsters without papillary necrosis. The absence of pars recta necrosis in hamsters treated orally with diphenylamine may have been due in part to intestinal or hepatic biotransformation of the compound prior to its reaching the kidney. Alternatively, the route of administration may have affected absorption and distribution, thus altering the concentration of chemical in the kidney and the nephrotoxic effect.
The paucity of renal cortical or papillary lesions in Sprague-Dawley rats administered diphenylamine is in sharp contrast to the renal papillary necrosis and necrosis of the pars recta reported in Wistar rats given diphenylamine orallyL9 and the renal papillary necrosis described in Sprague-Dawley rats given oral N-phenylanthranilic acid, the carboxylic acid analogue of diphenylamine. 14.15 The lack of renal papillary necrosis and necrosis of the pars recta in the Sprague-Dawley rats of this study suggests a strain variation in the susceptibility of the pars recta and inner medulla to diphenylamine and may reflect a difference in content or specificity of xenobiotic-metabolizing enzymes in the cells of these segments of the nephr~n.',~ Mongolian gerbils excrete a concentrated urine20 similar to that of the Syrian hamster. This ability to concentrate urine requires a highly efficient renal medullary countercurrent mechanism and inner medullary interstitial hyperosmolality to resorb water from the collecting tubules. The selective concentration of putative renal papillotoxins in the renal medulla and papilla by the countercurrent mechanism has been suggested as a possible mechanism of chemically-induced renal papillary nec~osis.~ Although, in the present study, extensive lesions were induced in the kidneys of Syrian hamsters, the absence of lesions in Mongolian gerbils allowed the authors to infer that selective renal papillary concentration of xenobiotics by the counter-current mechanism plays a negligible role in the induction of diphenylamine-induced renal papillary necrosis.
The vehicle used in chemical toxicologic studies can affect the absorption, distribution, and metabolism of the xenobiotic under investigation.22 Diphenylamine is insoluble in water. Powell et al.19 suspended diphenylamine in methyl cellulose. In the present study, peanut oil was used as a vehicle. Peanut oil does not induce several hepatic and renal mixed-function oxidases in the Syrian hamster,2L thereby eliminating vehicle-mediated induction of those specific enzymes in the genesis of the renal papillary lesion. In addition, peanut oil takes advantage of the lipophilicity of diphenylamine, which readily partitions into this medium and insures equal distribution of diphenylamine within the dose volume.
Using the Syrian hamster treated with diphenylamine, the authors overcame several of the problems associated with previous laboratory animal models of renal papillary necro~is.~ The lesion of renal papillary necrosis was readily reproduced with either multiple or single oral doses of diphenylamine dissolved in peanut oil (Lenz and Carlton, unpublished data). The induction of lesions was rapid, within 2 4 4 8 hours in susceptible animals. A large proportion of treated hamsters developed lesions (70-90%). Although mortality was high, the majority of hamsters had renal papillary necrosis, without the effects on other tissues or organs that were associated with analgesics and NSAIDs. In addition, the frequency of lesions and the morphologic features of diphenylamine-induced, renal papillary necrosis in Syrian hamsters were comparable to changes with the more often used papillotoxin, 2-bromoethylamine. Diphenylamine had the advantage, however, of being structurally related to a well-known family of NSAIDs, the fenamates, and may share similarities of metabolism and biotransformation with other members of the family. The authors therefore propose that the Syrian hamster, treated with diphenylamine, is a reasonable alternative to the laboratory rat as a model. of acute, chemically-induced, and NSAID-induced, renal papillary necrosis.
